Summary. Correlation between cytotoxin production and sporulation was demonstrated when a Clostridium dzJiciZe culture was inoculated into fresh broth to give an initial count of < 10 vegetative cells/ml with no spores. Under these conditions, cytotoxin was produced and released during sporulation. Addition of a sporulation inhibitor (acridine orange, 30 mg/L), resulted in a marked decrease in both sporulation and cytotoxin production, despite there being no change in the number of vegetative cells in the culture. These results indicate that sporulation might be closely related to cytotoxin production.
Introduction
Clostridium dz3cile produces two toxins, designated toxin A (enterotoxin) and toxin B (cytotoxin), that contribute to the pathogenesis of pseudomembranous colitis (PMC) and some cases of antibiotic-associated diarrhoea? The genetic determinants of the two toxins have been reported to be chromosomal and each toxin gene has been It was also reported that production of both toxins was detected after the exponential growth phase, and maximum yields were found in culture filtrates 4-5 days after inoculation when bacterial growth was already arrested.*-fo An association of toxigenesis with sporulation has been reported for C. perfringens type A enterotoxin'l and C. botulinum C, toxin." With respect to toxigenesis of C. dzJicile, Ketley et al.la reported that toxin A was not associated with the production of spores or their constituents.
In the present study, the relationship between cytotoxin production and sporulation was examined with small numbers of vegetative cells as an inoculum.
Materials and methods

Bacterial strains
Five toxigenic strains of C. dz%cile, KZ 616, 1614, 1630, 1639 and 1697, that were isolated in our laboratory from healthy adults or patients with PMC or antibiotic-associated diarrhoea,l* were used. Preliminary studies showed that all strains used had very t Correspondence should be sent to Professor S. Nakamura. low spore-recovery rates of -c 0.01 YO, when assayed in ordinary GS-BHI medium (see below) after heating at 70°C for 10 min. In contrast, they had nearly 100 YO spore-recovery rates when assayed, with heating, in GS-BHI medium, with sodium taurocholate 0.1 % w/v.
Growth conditions and inoculation of bacterial cultures
A 0-2-ml volume of each strain cultured anaerobically at 37°C for 18 h in liver broth was inoculated into 10 ml of Brain Heart Infusion Broth (BHI; Becton Dickinson Microbiology System, Cockeysville, MD, USA) supplemented with Na'HPO, 0.2% w/v (m-BHI) as described by Nakamura et aZ., 15 and incubated anaerobically at 37°C. To give an initial count of < 10 vegetative cells/ml, logarithmic growth phase cultures of each strain in m-BHI were diluted 1 06-fold in BHI supplemented with L-cysteine-HC1 0.05 YO w/v. Each tube containing 15 ml of m-BHI broth was inoculated with a 0-3-ml volume of each diluted culture. After such dilution the cultures contained no spores. Two tubes were removed at various periods after inoculation to measure numbers of vegetative cells and spores. Culture filtrates (2.5 ml each) from the two tubes were obtained for cytotoxicity assay by centrifugation of the cultures at 8000g for 10min followed by filtration through a membrane filter (pore size, 0.45 pm) (Japan Millipore Ltd, Tokyo, Japan). The mean value of the data obtained from two tubes is presented in the results.
Quantitative determination of vegetative cells and spores
Quantitative determination of C. dzficile cells was made with pour plates containing BHI medium (Nis-sui, Tokyo, Japan) supplemented with glucose 0.8 YO w/v, soluble starch 1 % w/v, L-cysteine-HCl 0.05% w/v and agar 1-3 YO w/v (GS-BHI) for vegetative cells and GS-BHI medium with sodium taurocholate 0.1 YO w/v (guaranteed reagent grade, Nakarai Chemicals Ltd, Kyoto, Japan) for spores.lS A 0-1-ml volume of each 10-fold dilution of non-heated culture for vegetative cell assay or culture heated at 70°C for 10 min for spore assay1' in BHI broth supplemented with Lcysteine-HCl 0.05% w/v was pipetted into a 9-cm diameter petri dish and mixed with 20 ml of GS-BHI agar or GS-BHI agar incorporating sodium taurocholate, respectively. Inoculated plates were incubated anaerobically at 37°C for 48 h.
Cell-associated toxicity
The culture (10 ml) was centrifuged and the sediment was washed twice with 0.05 M phosphate buffer, pH 6.7. The washed sediment was suspended in 20 ml of the buffer and sonicated for 5min with a Tomy Ultrasonic vibrator (model UR-200 P, 20 kilocycles ; Tomy Seiko Co., Tokyo, Japan). The bacterial debris was removed by centrifugation at 12000 g for 10 min, and the supernate was filtered through a membrane filter and assayed for cytotoxicity.
Cytotoxicity assay
Cytotoxicity was assayed by the microtitration-plate method described by Nakamura et aZ.l4 with monolayers of baby hamster kidney (BHK-21 /WI-2) cells. Samples (50 pl) of two-fold serially diluted samples were introduced into each well with a confluent monolayer of cells. The cultures were incubated at 37°C in air with CO, 5 % for 48 h. The highest dilution causing complete rounding of the cells was taken as the number of cytotoxic units, (CU)/SO pl of sample.
Treatment with acridine orange
Acridine orange (Wako Pure Chemicals Ltd, Osaka, Japan), which inhibits sporulation,l* was added to the growth medium 12 h after inoculation of C. diflcile strain KZ 1630.
Results
Correlation between cytotoxin production and sporulation of C. dificile
Relationship between sporulation and cytotoxin production over the period of growth was investigated with strain KZ 1630. To determine the characteristics of sporulation, the logarithmically growing bacterial culture in m-BHI was inoculated into fresh m-BHI to
give an initial count of < 10 vegetative cells/ml with no spores. Numbers of vegetative cells and spores, and cytotoxicity were measured in two cultures harvested at 6, 12, 18, 24, 30, 36, 42, 48, 60 and 72 h after inoculation. The number of vegetative cells was maximal (3-8 x 108/ml) after incubation for 18 h ( fig. 1 ). Spores were not detected before 12 h after inoculation. Spores were detected after incubation for 18 h, when cytotoxin was detected. At this time there was more in the sonic extract (cell-associated cytotoxicity) and less in the culture supernate (extracellular cytotoxicity). The cell-associated toxicity was maximal (28 CU/ 5 0~1 ) after incubation for 30 h. The extracellular toxicity increased rapidly with the increase in spore numbers and reached the maximum titre (212 CU/ 50 pl) after incubation for 42 h, when spore numbers were almost maximal (7-6 x 1O8/ml).
For further analysis of the correlation between sporulation and cytotoxin production during incubation, the cytotoxicity of culture filtrates and the numbers of spores were examined with four other C. dzficile strains (KZ 616, 1614, 1639 and 1697) after incubation for 24 and 72 h; cytotoxicity and number of spores were increasing and had reached maximum levels after 72 h as shown in fig. 1 . There was a tendency for the cytotoxicity to increase in proportion to the increase in spore numbers, although the correlation between cytotoxin production and sporulation varied between the different strains, depending upon their intrinsic toxicity ( fig. 2) 
Efect of a sporulation inhibitor on cytotoxin production
The effect of the sporulation inhibitor, acridine orange, on cytotoxin production was examined with strain KZ 1630. Acridine orange was added to the medium 12 h after inoculation. Acridine orange (30 mg/L) markedly inhibited sporulation but did not alter the number of vegetative cells in the culture (fig.  3 ). The onset of spore formation was delayed and the number of spores was decreased. Spores were detected only after incubation for 36 h, 18 h later than in the untreated culture. After incubation for 72 h their numbers had increased to only 104/ml, far less than the 107/ml found in the untreated culture. Cytotoxicity appeared to be more cell-associated than released extracellularly after incubation for 24 h, when spores were not detected. The cell-associated toxicity reached the maximum level of 26 CU/SO pl after incubation for 48 h, slightly lower than the level (28 CU/50 pl) in the untreated culture. As seen in the untreated culture ( fig.  l) , the extracellular toxicity increased with the increase in spore numbers and was maximal when the spore numbers were almost maximal. However, the maximum titre (27 CU/50 pl) in the treated culture was much lower than that (212 CU/50 pl) in the untreated culture. When a higher concentration of acridine orange (60mg/L) was used, both cytotoxicity and sporulation were completely inhibited, but vegetative cell replication was also markedly inhibited to the level of 1O8/ml in comparison to 108/ml in the untreated culture (data not shown).
Discussion
Ketley et al.l0 reported that C. dzficile toxins were produced and released during the decline phase of the bacterial growth cycle, and that the maximum titre of extracellular cytotoxicity was detected 4 days after inoculation. In contrast, Borriello and Barclay'' showed that there was no increase in extracellular cytotoxin in spite of bacterial cell death when C. dz8ciZe was incubated in faecal emulsions, implying that a rise in extracellular cytotoxin production might not be associated with the release of cytotoxin during cell lysis. In the present study, when small numbers of logarithmic phase vegetative cells were inoculated into a growth medium, the maximum titres of cellassociated and extracellular cytotoxicity were detected 36 h and 48 h after inoculation, respectively. It is possible that faster production of cytotoxin is related to the different methods of culture.
Ketley et a l l 3 also reported that there was little relationship between spore formation and toxin A (enterotoxin) production. However, they inoculated 10 ml of starter C. dzficile culture into 100 ml of fresh sporulation medium. According to their data, the number of spores reached 108/ml 1 day after inoculation. It seems that, as the number of spores in the inoculum was rather large, an exact relationship between sporulation and toxin production by C. dzficile cannot be obtained. Similarly, Onderdonk et al.,' showed no correlation between cytotoxin production and sporulation in studies with a continuous flow culture system with stable populations of vegetative cells 108/ml and spores 104/ml, although alteration of reduction potential and increasing the temperature stimulated release of cytotoxin. In this case, also, the number of spores ( 104/ml) was too large to evaluate the exact relationship between sporulation and cytotoxin production. Furthermore, they used an identical procedure (brucella blood agar plate) for spore counts and for vegetative cells, which might not be as effective for complete recovery of C. dzficile spores as methods described previous1y.l6* 1 7 9 21 In contrast, Borriello and Barclaylg demonstrated that the number of spores gradually increased with concomitant production of cytotoxin. It is well known that C. dzficile spores cannot germinate effectively in ordinary growth medium21 and their recovery is greatly enhanced when they are inoculated into medium containing sodium taurocholate,22g 23 or when they are treated with sodium thioglycollate and then inoculated into medium containing lysozyme,lS* 24 after heating at 70°C for 10 min. Based on these findings, in the present study, logarithmically growing cultures were inoculated into fresh medium to give an initial count of c 10 vegetative cells/ml but no spores. Under these conditions, cytotoxin production correlated with spore production, but not with the total number of vegetative cells, as demonstrated by Borriello and 8ar~lay .l~ This correlation between cytotoxin production and sporulation was also observed with each of the four other strains examined. However, it should be noted that there is no correlation between sporulation frequency and degree of cytotoxigenicity of C. dzficile strains as shown in this study and in our previous study."
From the experiments with a sporulation inhibitor, acridine orange, which has been reported to inhibit sporulation of Bacillus subtilis," a relationship between cytotoxin production and sporulation was ascertained. However, in this study, cytotoxin appeared before sporulation occurred and increased in amount with the increase of spore population. This may be explained by the concept that cytotoxin production is an early sporulation event, because, although acridine orange blocks spore formation, several of the early sporulation events are expressed even in the presence of the inhibitor.18
The present investigation has indicated that production and release of cytotoxin correlates with spore production. However, cytotoxin production is not always regulated by sporulation, as there are some strains of C. dzBciZe that are toxigenic but asporogenic. Using electronmicroscopy, we have examined the ultrastructural morphology of such asporogenic strains during cytotoxin production in culture. No significant spore-like structures were observed in these cells (data not shown). Therefore, cytotoxin production may be an extremely early sporulation event which cannot be detected by electronmicroscopy, or a specific nutrient of the culture medium which regulates cytotoxin production may also influence sporulation, as suggested in the case of C. perfringens enter~toxin.~~ C. perfringens enterotoxin had been described as a sporulation-specific gene product'l or a structural component of the spore coat.26 In contrast, Walker et al. 27 suggested that there was no direct relationship between enterotoxin and spore coat proteins. Goldner et al. 25 reported that a non-sporulating mutant strain produced enterotoxin in the absence of sporulation and suggested that the nutritional composition of the culture medium became a factor that might influence enterotoxinogenesis .
It has been reported that acridine orange has many effects, such as inhibition of transcription28 and selective elimination of cytoplasmic elements containing DNA,29 other than inhibition of sporulation. The effect of acridine orange on growth and cytotoxin production was examined with an asporogenic C. dzficile strain. Although slight growth inhibition was observed when acridine orange 30 mg/L was added, no inhibition of growth was shown in the presence of 5 and 10 mg/L. With each concentration of acridine orange, there was no inhibition of cytotoxin production compared with untreated cultures (data not shown). These findings may also support the hypothesis that production and release of cytotoxin correlates with spore production in sporogenic strains.
Since production and release of toxin A during invitro culture is similar to those of toxin B,1° toxin A also may be produced and released in association with sporulation.
It has been demonstrated that C. botulinum C, toxin1, and C. perfringens enterotoxin,'l although the data on C. perfringens is controversial, are also produced and are released only during sporulation and are associated with extractable constituents of spores. Similarly, it is possible that the cytotoxin of C. dzBcile is also associated with the extractable constituents of spores, although toxin A is not.13 
